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Abstract
The processes of CaO hydration have been investigated under various temperature conditions and while introducing of H3PO4, 
H2SO4, H2SiO3, H3BO3 and their sodium salts into water. The binding composites were obtained based on thin-grinded quicklime with 
95.6 % of active CaO and MgO. The phase composition of the hydration products were clearly confirmed mainly by XRD and thermal 
analyses. Under cryogenic conditions (temperature –4 ˚C) the rate of the reaction between CaO and CO2 of the air increased and extra 
amount of calcite was formed. During CaO hydration with the introduction of additives containing SO4
2- and BO3
3- anions the formation 
of Portlandite crystals (mainly of lamellar habit) was observed. Rietveld method demonstrates the increase in half-width of 01–2, 02–1, 
01–3, 022 and 122 reflections in Portlandite stone indicating the occurrence of stresses that alter the rate of crystals growth in definite 
directions. The formation of Ca(OH)2 fine crystals of hexagonal lamellae shape results in the increase of their surface, the contact area 
and bond strength that leads, in its turn, to the increase in mechanical strength of the structure.
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1. Introduction
The binders based on grinded quicklime are rarely used because CaO hydration under in-
creased exothermicity is accompanied by significant temperature deformations of the solid phase 
particles and new formations hydration with simultaneous destruction of the formed structure. 
As a result of these phenomena the quicklime hydration is finished by the formation of powdered 
hydralime. The main reason for its formation is high thermodynamically unstable state of calcium 
oxide, as well as the peculiarities of its crystal lattice structure [1–3].
However it should be noted that the principle of artificial stone production in the form of 
spatial system of strongly bonded new formations is widely used in the building industry by means 
of monohydrates crystallization method [4, 5]. This principle is realized in gypsum, magnesia and 
other binders of monomineral composite. Moreover, the hardening processes of monohydrate sys-
tems have the same regularities. From this point of view it should be possible to produce the stone 
during calcium oxide hydration and Portlandite crystallization. The obtaining of binders from met-
al oxides is described [6]. According to this the oxide of any metal exhibits binding properties 
under certain rate of its interaction with water.
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An important criterion that provides the obtaining of high-strength stone based on calcium 
oxide is a controlled process of its hydration without rapid heat release and structure destruction. 
Theoretical bases of the reduction of CaO hydration activity are developed in [7–9]. The following 
ways of rate control are examined there: removal of hydration heat, usage of chemical reagents lim-
iting water access to the surface of CaO particles, method of reduction of CaO hydration activity 
via introduction of fine strong-polarizing cations Si4+, Al3+, Fe3+ while burning and other.
The strength of the stone based on quicklime achieves 30.2 MPa at 0 ˚C after 7 days [10]. 
The reasons are the absence of system overheating, increased solubility of Ca(OH)2 at low tempera-
tures and formation of Portlandite large crystals. It should be noted that crystals habit and morphol-
ogy have the significant influence on the properties of lime mortars (viscosity, mobility, convenient 
placing) and determine, in its turn, the physico-mechanical properties of the lime stone. During 
long storage (2–3 years) of lime paste the recrystallization of Portlandite prismatic crystals occurs 
and crystals of lamellar habit are formed due to the increased dilution rate along planes (0001) [11]. 
Such crystals have high reactivity, plasticity and water storage capacity.
The main distinction of CaO hydration hardening (physico-chemical process under which 
the lime stone is directly formed during interaction between CaO and water) is the presence of con-
siderable supersaturation and geometric selection of crystal phase. At the same time Portlandite is 
crystallized in the form of thin hexagonal lamellae and the system mechanical strength is provided 
by adhesion between separate crystallites along cleavage planes due to Van-der-Waals bond [12–14].
The aim of the article is the development of theoretical foundations of hydration process and 
hardening of monomineral binder – calcium oxide.
2. Materials and Methods
For investigations we used the commercial lime with the following characteristics: content 
of active CaO and MgO – 95.6 wt %; time for achieving maximal temperature of liming – 5 min.; 
maximal temperature of liming – 98 ˚C. The processing characteristics are given in Table 1. Se-
lected properties have a decisive influence on the reaction rate of CaO and H2O and physico-me-
chanical properties of the stone from portlandite.
Table 1
Processing characteristics of quicklime
Index Value
СаО total content, wt % 95.6
MgO content, wt % 0.9
Insoluble impurities, wt % 0.9
СО2 content, wt % 1.7
Н2О content, wt % 0.9
Total, wt % 100.0
Free СаОtheor., wt % 90.8
СаСО3 content, wt % 3.8 
Са(ОН)2 content, wt % 3.6
Time of achieving hydration degree 80 % (EN 459), min. 3
Physico-mechanical tests were carried out for the samples of 2×2×8 cm size after 3, 7, 14 
and 28 days which were hardened under normal conditions (t=20 ˚C) and in the special forms lim-
iting the system expansion. The reason for the mentioned curing conditions is the fact that during 
CaO hydration a large amount of heat is evolved, that can destroy the structure. When hardening 
takes place in small forms and in limited extent such phenomena are not observed.
Additionally we determined standard consistence of the lime paste. As the standard paste den-
sity we accepted such consistency of the paste when a needle of standard Vicat apparatus (Ukraine) 
penetrated into it by 20±5 mm for 30 s. Characteristics of standard consistence are given in [15].
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The yield of the lime paste with the standard consistency was determined in liters per 1 kg 
of quicklime during wet liming of grinded quicklime (weight 200 g). The size of hydralime parti-
cles were determined by measuring the rate of suspension sedimentation and continuous weighing 
using torsion balance.
By means of X-ray analysis we determined the phase composition of the investigated ma-
terials, binders and the stone on their basis. X-ray diffractometer DRON 4.0 (Ukraine) with CuKa 
radiation of X-ray tube was used. The samples were prepared using powder method [16]. To stop the 
hydration process the samples were treated by alcohol and ether and dried under vacuum.
Differential thermal analysis (DTA) was used to determine the content of individual phases 
(Portlandite, calcite) and impurities in the composition of quicklime and hydralime, as well as in the 
hydration products of the composite binders. Derivatogramms were recorded using Paulik-Paulik- 
Erdey derivatograph Q-1500D (Hungary) with heating rate of 10 ˚ C/min. Microparticles of hydrated and 
non-hydrated lime were studied using electron microscope JEM-100CX II (TOKIO BOEKI, Japan). 
The sample was mixed with acetone in an ultrasonic mixer and then the mixture was placed over carbon 
film. Microdifraction images were filmed with microscope camera of 55 cm length.
The influence of chemical reagents on the crystals structure and Portlandite chemical char-
acteristics were evaluated using Rietveld method [17].
3. Results and Discussion
The hydration processes of CaO were investigated under cryohydration regime. Thin-grind-
ed lime shuttered by water at +4 ˚C was cooled till 0 ˚C. Under such conditions the rate of CaO with 
water interaction is very low.
Using DTA results, we calculate mass losses of the samples at different hardening tem-
peratures (Table 2). The thermodynamic estimation of the strength is carried out according to 
the procedure described in [18] on the basis of obtained experimental data. The change of system 
energy output is estimated using energy reserve (ER), the value of which depends on the nature 
and amount of hydrated phases. So, the higher amount of energy is released, the higher values of 
ER and stone strength are obtained. CaO hardening at –4 ˚C is accompanied by two exothermal 
reactions with Ca(OH)2 formation and carbonization. At negative temperatures the increase in 
carbonization rate is observed providing the increase in CaO hydration degree and the decrease in 
volume nonuniformity accompanied by the decrease in strength.
Table 2
Thermal analysis results
Hardening conditions
Hardening time, days Endoeffects, ˚C Mass losses, wt % Total  
mass loss, %0 ˚C –4 ˚C І ІІ І ІІ
At the air (blank test) 28 – 510 845 23.4 6.9 30.3
In water (+1 ˚C) 28 – 515 830 28.7 2.5 31.2
At the air – 28 508 865 9.1 28.7 38.8
At the air 1 27 506 870 10.0 29.2 39.2
During CaO hydration the system volume increases owing to peptization. As a result, the 
strength is reduced or the lime stone is destroyed. The internal hydration processes, which are 
intensified by dispersive phenomena, play the main role here. Under CaO hydration in the limited 
volume the rate of CaO interaction decreases and strong lime stone is formed.
To check the mentioned hypothesis we carried out physico-mechanical tests under com-
pressed conditions of hardening. To retard the reaction of CaO hydration we added saccharose in 
amount of 0.5 wt %. This additive is an effective liming inhibitor.
The obtained results (Table 3) show that during lime hardening under the limited volume 
conditions the lime stone is condensed, i. e. stone strength and its average density increase. The 
increase in strength occurs due to the increase in intermolecular contacts in the Portlandite crys-
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tals. The obtained stone is characterized by high density and absence of air pores. Determination of 
porosity by kerosene saturation shows that number of pores decreases in time.
The lime stone microstructure under compressed conditions of hardening is characterized 
by absence of accurately faceted crystals. The particles of ball-like shape of 5019 mm size predomi-
nate. After 28 days we observed enlargement and accretion of the particles resulting in the decrease 
of porosity and the increase of average density. Later (after 84 days) the Portlandite recrystalliza-
tion occurs and columnar crystals are formed with the diameter of 5–8 mm and height of 22–25 mm 
which are packed in the pores with the diameter of 100–120 mm.
Table 3
Physico-mechanical properties of the lime stone (hardening under compressed conditions)
Index Units
Values after days
3 14 28
Compression strength MPa 15.6 25.5 38.7
Water absorption % 10.5 8.9 6.2
Average density g/cm3 1.89 1.92 1.98
Accessible porosity wt % 9.8 8.4 5.3
Total porosity wt % 13.5 12.4 11.8
The habit of Portlandite crystals varies in the limited volume. In the absence of free space 
the direction of Ca(OH)2 crystallization is changed and arc-like configurations with joint centre are 
formed.
The processes of structure formation are persistent if the lime stone does not contain free 
CaO. The limited volume, presence of capillary moisture and Portlandite thin-grinded particles of 
different shapes set up thermodynamical conditions for recrystallization followed by formation of 
perfect crystal forms [19]. The Portlandite crystals size increases in accordance with the known 
principle of Gibbs-Curie-Wulff [20], when the surface of the particles (hydrates) takes a shape that 
corresponds to the minimal surface energy. This principle allows to determine the crystal symmetry 
after external influence on it because the crystal changes its point orientation in such a way, that only 
elements of symmetry joint with those of external influence are preserved. Thus, after 360 days we 
observe the formation of parallel-accreted columnar crystals with the height of 50–60 mm. The di-
rection of their growth is perpendicular to compression force that restricts expansion. So, the com-
pressed conditions alter the morphology and habit of Portlandite crystals, as well as the direction of 
their growth and sizes. By means of physico-mechanical tests we proved that Portlandite crystals 
densely fill the space and form the stone with compression strength of 50.0–60.0 MPa.
Calcium oxide hydration is accompanied by the decrease in free water amount and increase 
in the solid phase volume. However, the total volume of the hydrated system decreases due to con-
traction. We studied contraction during lime hydration with inhibitors of different nature. U-ma-
nometer with border of measurements 0...100 mm water column (Ukraine) was used with water: 
lime ratio equal to 1.0. During CaO hydration without additives the contraction value is changed 
according to the same law as the system temperature changes (Fig. 1). So, the dependence of con-
traction value on the lime paste yield is directly proportional and the value may be used as an 
effective estimator for additive influence on CaO hydration hardening.
The rate of CaO hydration under the conditions of limited volume decreases due to the 
smaller contact area of water with internal areas of lime particles during compressive forces occur-
rence [21]. The same effect is obtained during CaO hydration under vacuum. The results show that 
rarefaction about 160 mm H2O is appeared in the closed volume as a result of contraction. Using 
thermal analysis, we determined the rate of heat release in the system CaO–H2O at different values 
of initial rarefaction and content of free CaO (Table 4). Varying the initial rarefaction, we may 
control the rate of interaction between CaO and water. At 100 mm H2O there are favourable condi-
tions for hydration hardening because maximum temperature of the system does not exceed 55 ˚C, 
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i. e. overheating and intensive evaporation (which destroy the system) do not occur. The rarefaction 
of 100–150 mm H2O is achieved due to the contraction during CaO hydration in the closed volume.
Fig. 1. Influence of additives on contraction value during CaO hydration:  
1 – without additives; 2 – 1 % of saccharose; 3 – 5 % of CaSO4·2H2O; 4 – 1 % of Na2B4O7
Table 4
Effect of initial refraction value on the rate of CaO hydration (L/W=1.0)
Rarefaction,  
mm H2O
Time for achieving  
maximum temperature, min.
Maximum  
temperature, ˚C
Content of free СаО, wt %, after hrs
3 24 72
50 30 78 3.6 0.2 –
100 75 54 7.8 2.5 0.5
150 186 45 25.1 10.7 5.8
200 620 32 54.7 28.7 15.6
250 846 25 68.5 40.6 36.8
We may change the rate of CaO hydration affecting the individual stages of the process. The 
effective technological approach is the introduction of chemical additives to the binder composi-
tion. Such additives increase the time for achieving maximum temperature till 2–3 hours. However 
this effect is obligatory but not only one requirement for creation conditions of CaO hydration 
hardening. The additives of different nature may also change the conditions of Portlandite crys-
tallization, undergo the reactions with the initial components and alter the final properties of the 
hydrated products [22, 23].
The results of physico-mechanical tests of the lime stone with different additives are repre-
sented in Table 5. To exclude the interaction between acids and CaO or Ca(OH)2 we conducted the 
similar experiments with sodium salts of the corresponding acids.
According to the additives effect on the strength of the lime stone they are situated in a row 
(by anion type): PО4
3- ® SO4
2- ® SiO4
4- ® BO4
5-. At free CaO content of <1.0 wt % (the data of pe-
trographic analysis) the stone strength after 14 days is higher compared with that without additives. 
At the same time the presence of BO4
- anions in the solution leads to 2.5–3.0 times increase in the 
stone strength for all times of hardening.
In the presence of investigated additives the rate of CaO hydration varies insignificantly due 
to the peculiarities of Portlandite crystallization and change in its morphology.
Using quantitative X-ray analysis we examined the phase composition of the lime stone with 
H3BO3 after hardening (14 days) at +4 ˚C. By means of Rietveld method we determined that calcite con-
tent was 4.6 wt % for the samples without additives and 6.0 wt % – for the samples with H3BO3. While 
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adding H3BO3 we observe the increase in reflection intensity (001) due to the alteration in Portlandite 
crystals habit and appearance of tension in the surface layers of crystallites in the presence of B3+ ions.
Moreover, we observe the increase in half-width of reflections 01–2, 02–1, 01–3, 022 and 122 
in Portlandite stone obtained during CaO hydration in the presence of SO4
2-, SiO4
4- and BO4
5- anions 
(Fig. 2). The tension in the surface layers of Ca(OH)2 crystals change their growth rates in definite 
directions. In the presence of SO4
2- anions the growth rate in the direction (001) is lower than that in the 
direction (100). As a result, Portlandite is crystallized in the shape of hexagonal lamellae. The main rea-
son for such distinction is the difference between surface energy of the crystals in different directions.
Table 5
Effect of additives on the lime stone strength (L/W=0.50)
Additive
(1.0 mol %)
Compression strength, MPa after days
7 14
– 4.0 5.05
H3PO4 1.31 –
H2SO4 2.52 5.35
H2SiO3 4.75 5.12
H3BO3 7.75 8.13
Na3P2O7 0.29 –
Na2SO4 1.86 2.73
Na2SiO3 1.94 2.51
Na2B4O7 6.05 7.78
Fig. 2. Change of reflections half-width during CaO hydration without additives and  
while adding 2.0 mol % of Na2B4O7, Na2SiO3 and Na2SO4
Scanning Electron Microscopy investigations exhibit the considerable effect of SO4
2-, SiO4
4- 
and BO4
5- anions on the crystals morphology and habit (Fig. 3). In the presence of BO45- anions 
the stone microstructure is represented by Portlandite in the shape of densely associated lamellae 
with the side ratio of 5.5–8.5. During CaO hydration in the solution with anionic groups SO4
2- we 
observe the increase in number of lamellar crystals associated into parallel growths. The presence 
of SiO4
4- anions sharply changes the morphology of Portlandite crystals which are crystallized as 
aggregates of irregular shape.
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                                                    a                                                    b
                                                    c                                                     d
                                                    e                                                     f
Fig. 3. Morphology of Portlandite crystals under different conditions of crystallization:  
a – in the solution of CaCl2 and NaOH; b – in water at +4 ˚C; c – in the solutions with BO4
5-,  
d – SiO4
4-, e, f – SO4
2- anions
During CaO hydration hardening that occurs at low supersaturation and superposition of 
geometric selection processes Portlandite is crystallized in the shape of hexagonal lamellae with 
the Van-der-Waals type of bond between adjacent layers in the direction of 0001 plane. While 
increasing temperature the great amount of Portlandite is formed as small aggregates of irregular 
shape. The mechanical strength of the system is determined by adhesion between individual crys-
tals along cleavage planes 0001 due to Van-der-Waals intermolecular forces.
After five years of hydration the increase in crystals size is typical for the lime stone micro-
structure. Moreover, crystals transform into hexagonal lamella with simultaneous dilution of great 
aggregates of irregular shape occurred along cleavage plane 0001. Thus, crystals habit and sizes 
has the determinative effect on the formation of lime stone strength.
The investigations of crystals morphology show that Portlandite is crystallized as hexagonal 
lamellae in the presence of sulphate ions. Moreover, nucleation occurs around gypsum particles.
The strength of stone formed by Portlandite crystal phase is determined by intermolecular 
forces (3.0–4.0 kJ/mol), which are weaker than ionic, covalent or coordination bonds. However 
such forces are universal, i. e. they occur between molecules or crystals at small distance and great 
amount of contacts leads to the high energy of adhesion.
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Van-der-Waals forces characterize electrostatic interaction between molecule shells consist-
ing of oriental, inductive and dispersive components. Their dependence on distance is directly pro-
portional one 1/r6. Non-polar molecules and particles take place in the dispersive interaction (Lon-
don forces). This fact has the essential influence on the formation of Portlandite crystal structure.
The samples based on quicklime were hardened under wet conditions at the temperature 
of +5 ˚C. The results of physico-mechanical tests of the lime stone with high-dispersive gypsum 
hydrate show the increase in strength from 26.0 MPa after 1 day to 39.5 MPa after 720 days. With 
5.0 wt % of gypsum dihydrate the compressive strength increases more rapidly. Thus, after 28 days 
the compressive strength is 42.5 MPa and after 720 days – 48.0 MPa. This fact reveals the effect 
of CaSO4×2H2O on Portlandite crystallization and formation of crystal structure of the lime stone.
Structure of the dispersions based on quicklime is formed due to recrystallization of colloi-
dal coagulation-structuring systems because of their thermodynamic instability. In the presence of 
gypsum Portlandite crystals are formed as hexagonal lamellae, which width is 10–12 times wider 
than its thickness. As a result, the contact area between crystals and dispersive component of Van-
der-Waals forces increase and therefore the bending strength increases as well (Fig. 4).
Fig. 4. Effect of gypsum dihydrate on the kinetics of lime stone strength:  
1 – Rc without additives; 2 – Rc with 5 % CaSO4·2H2O; 3 – Rc/Rb without additives;  
4 – Rc/Rb with 5 % CaSO4·2H2O; Rc – compressive strength, Rb – bending strength
Under the influence of SO4
2- anions the compression of diffusion layer around Ca(OH)2 
colloidal micelles occurs, the thickness of water layer decreases and intermolecular interaction 
between hydrated particles increases. All these phenomena cause the appearance of internal com-
pression strength which forms densely areas and joint hexagonal crystals of Ca(OH)2 around calci-
um oxide grains. At the same time water diffusion into internal capillaries of the lime particles is 
inhibited, the rate of CaO hydration and its three-dimensional deformations decrease.
Thus, morphology and habit of Portlandite crystals has an essential effect on the physi-
co-mechanical properties of the lime stone. Portlandite lamellar crystals are characterized by high 
specific surface that leads to the increasing role of intermolecular interaction forces.
Under the provisions of modern chemistry and molecular physics the properties of solid 
matter (strength, hardness, melting point, and heat capacity) are determined by the nature of chem-
ical bonds, their energy and peculiarities of crystal structure.
The mechanical strength of Portlandite is determined by the intermolecular interaction forces. 
Their nature is physical one and they occur at greater distance than other types of chemical bonds. 
The forces of intermolecular interaction have high values in the dispersion systems with large contact 
area between the particles and they are essential in the process of structure formation. The effect of 
dispersion component of intermolecular forces is caused by continuous movement of nuclei (oscillatory 
motion) and electrons (rotary motion). Thus a temporary shift of atomic orbitals relative to nucleus takes 
place and dipole is formed. The interaction between dipoles causes the appearance of dispersion forces.
 
Reports on research 
projects
(2016), «EUREKA: Physics and Engineering»
Number 6
27
Chemical Engineering
The increase in contact surface between Portlandite crystals is a determining factor of 
strength increase. Physico-chemical tests of the stone based on quicklime (Table 6) show the sig-
nificant effect of temperature on the mechanical strength. Thus, the strength after 7 days of hard-
ening is 37.3 MPa at +20 ˚C and after 28 days it is 50.0 MPa. At the investigation temperature of 
400 ˚C the mechanical strength increases from 44.3 Mpa after 7 days to 58.4 MPa after 28 days. 
The reason is the absence of adsorption water in the Portlandite frame. Water has disjoining action 
and decreases the value of intermolecular forces and mechanical strength of the lime stone. At 
the temperature of liquid nitrogen (–186 ˚C) we observe the slight decrease in the strength caused 
by dispersion component of Van-der-Waals forces, which depends on electric field of molecule 
dipoles. In nonpolar molecular lattices dipoles occur due to fluctuations, the number of which de-
creases with the decrease in temperature.
Table 6
Effect of investigation conditions on the physico-mechanical characteristics of the stone based on CaO
Investigation temperature
Compressive strength, MPa after days Change of strength,
R7/R28, %7 28
+20 ˚C 24.3 25.8 +2.1
+20 ˚C* 37.3 50.0 +35.1
+400 ˚C* 44.3 58.4 +31.2
–186 ˚C 45.6 46.6 +2.2
–186 ˚C* 43.1 45.0 +4.4
Note: * – Samples were dried till constant weight
Thus, the important condition for hydration hardening is the formation of Portlandite crys-
tals with lamellar shape with well-developed edges in the direction 0001. Such crystals are formed 
during CaO hydration in the solutions containing multiply charged anions, namely BO4
2- and SO4
2-. 
As a result of formation of Ca(OH)2 lamellar habit small crystals their surface, contact area and 
bond strength increase. At the same time the value of lime expansion decreases in the early terms 
of hardening that leads to the increase in mechanical strength of the stone on its basis.
4. Conclusions
The strong lime stone is formed during CaO hardening due the directional influence on the 
kinetics of hydration heat release. It was established that under cryohydration conditions the inter-
action between CaO and CO2 of the air is energetically advantageous. The calcite amount in the 
hydration products increases at negative temperatures. The degree of CaO hydration increases till 
98.0 % and the stone strength achieves 12.5 MPa. At the same time the increase in strength takes 
place due to the intensified carbonization of the system.
The rate of CaO hydration varies owing to dispersion processes inhibition under the 
conditions of limited expansion, when microcrystals are associated and strong crystal frame 
is formed. Thus, the process of adaptation hardening takes place and great amount of parallel- 
accreted columnar crystals are formed with the width of 50–60 mm perpendicularly to the 
force limited expansion.
During CaO hydration the contraction plays the important role. Holding lime paste in the 
closed volume at rarefaction of 100–120 mm H2O promotes hydration hardening because the max-
imum temperature does not exceed 55 ˚C.
CaO hydration hardening is accompanied by formation of Portlandite crystals of lamellar 
shape with well-developed edges in the direction 0001.They are formed in the solutions with multiply 
charged BO4
2- and SO4
2- anions. As a result of formation of Ca(OH)2 lamellar habit small crystals their 
surface, contact area and bond strength increase. The value of lime expansion decreases in the early 
terms of hardening that leads to the increase in mechanical strength of the stone on its basis.
Obtained results can be used to develop new types without clinker binders based on quick-
lime (lime-gypsum, lime-pozzolanic) with special properties (increased physical and mechanical 
characteristics, high water-retaining capacity, high corrosion resistance).
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Highly dispersed hydrated lime is widely used in the chemical industry, flue gas purification 
technology and the building industry as a component of lime paints and putties.
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